In this paper, an adaptive temporal and spatial filter (ATSF) based on mean square error (MSE) estimation is proposed. ATSF is a block based de-noising algorithm. Each noisy block is selectively filtered by a temporal filter or a spatial filter. Multi-hypothesis motion compensated filter (MHMCF) and bilateral filter are chosen as the temporal filter and the spatial filter, respectively. Although there is no original video, we mathematically derivate a formular to estimate the real MSE between a block de-noised by MHMCF and its original block and a linear model is proposed to estimate the real MSE between a block de-noised by bilateral filter and its original block. Finally, each noisy block is processed by the filter with a smaller estimated MSE. Simulation results show that our proposed algorithm achieves substantial improvements in terms of both visual quality and PSNR as compared with the conventional de-noising algorithms.
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Ⅰ. Introduction
Noise is always introduced into video sequences at different video processing steps. Noise in digital video not only degrades video visual quality but also reduces compression efficiency and influences subsequent processing tasks such as feature extraction, object detection, prediction and object tracking. So de-noising techniques are necessary and important in practical video processing systems.
Generally, de-noising algorithms are classified to three types: 2-D spatial filters [1] - [6] , 1-D temporal filters [7] , [8] and 3-D spatio-temporal filters [9] - [11] . De-noising algorithms can perform in pixel domain and transform domain.
De-noising in transform domain needs a heavy computation, so de-noising algorithms which perform in pixel domain are most widely used.
2-D spatial de-noising algorithms, including 2-D Kalman
filter [1] , 2-D Wiener filter [2] , wavelet shrinkage [3] , non-local means [4] , Bilateral filtering [5] , [6] , etc, utilize spatial correlation to suppress noise. 1-D temporal filters utilize temporal correlation between video frames to remove noise. Existing 1-D temporal filters include adaptive temporal filter based on motion compensation [7] , Multi-hypothesis motion compensated filter (MHMCF) [8] , etc. 3-D spatio-temporal filters, such as 3-D Kalman filter [9] , spatio-temporal shrinkage [10] , spatio-temporal joint filtering scheme (JNT) [11] , etc, exploit both spatial and temporal correlation to suppress noise by operating data on 3 dimensions.
Bilateral filter [5] is a 2-D nonlinear filter which performs spatial averaging with relatively slight edge smoothing.
However, bilateral filtering brings detail elimination and blurring effects. Moreover it can not remove high-frequency noise well. So the de-noising performance of bilateral filter is poor when an image has a lot of edges, textures and details. In MHMCF [8] , temporal correlation is exploited fully. But on the conditions of scene change, occlusion, objects have big motions, objects come into frame suddenly and so on, serious blocking effects are involved in the de-noised results and noise remains because of low temporal correlation between video frames. In JNT [11] , the noisy video was first filtered by 1-D kalman filter and 2-D wiener filter respectively and then average the two de-noising results as the final result. JNT inherits errors from poor de-noising results of kalman filter and wiener filter.
In this paper, we propose a novel adaptive temporal and spatial filter (ATSF) which effectively exploits both temporal and spatial correlation based on mean square error (MSE)
estimation. In the proposed algorithm, MHMCF is used as a temporal filter and bilateral filter is used as a spatial filter.
Although there is no original video, we propose a linear model to estimate the spatial filtering MSE. And an MSE estimation approach to estimate the temporal filtering MSE is given in this paper. De-noising of ATSF proceeds block by block and each noisy block is processed by the filter with a smaller estimated MSE between a de-noised block and its original block. By using ATSF, noisy blocks which contain a lot of details, textures or edges are adaptively filtered by MHMCF and those which have low temporal correlation between video frames are adaptively filtered by bilateral filter.
As a result, there are no blocking effects and remained noise involved in the de-noising results of ATSF. Moreover, edges and details are preserved well by ATSF.
This paper is organized as following. In section Ⅱ, related works are introduced. In section Ⅲ, the proposed adaptive temporal and spatial filter based on mean square error estimation is described in detail. The simulation results and analysis are given in section Ⅳ. Finally, conclusions are given in section Ⅴ.
Ⅱ. Related works
In this paper, our degradation model at location  in th frame is as following:
where   is the noisy th frame,   is the noise-free original th frame and   is the additive white Gaussian noise term with zero mean and variance     .
Multihypothesis motion compensated filter
In MHMCF [8] , a noisy frame is processed block-by-block by weighted averaging the hypothesis of a noisy block and the noisy block. Let a noisy N×N block in th noisy frame 
The reference frames include the previous de-noised M The de-noised result is given by
In MHMCF, the author defines an objective function of MHMCF,  ,to be
where
Minimizing  by putting    and   , the optimal  and  are
where     is the variance of noise   .   and   are the weights of a noisy block   and its prediction blocks     (  ), respectively. Then  is a constant which makes MHMCF be an unbiased estimator.
As MHMCF is a purely temporal filter, it has a very good visual quality with an edge and detail preservation property. Temporal correlation can be fully used by exploiting several reference frames to make hypothesis for every noisy block.
However, as MHMCF processes a noisy frame block by block, blocking effects are involved in the de-noised results of MHMCF more or less. The more reference frames are used, the more serious blocking effects will be involved in de-noised results. Under the conditions of scene change, occlusion, objects have big motions, objects come into frame suddenly and so on, serious blocking effects are involved in de-noised results and noise remains. As a recursive de-noising filter, blocking effects, remained noise
and other errors are transmitted on temporal dimension recursively. MSE quantifies the difference between a de-noised block and its origianl block. So de-noised blocks which contain blocking effects, remained noise and other errors accompany large MSEs.
Bilateral filter
Bilateral filter [5] is a non-linear 2-D spatial filter which removes noise by weighted averaging noisy pixels in the local filtering window. Bilateral filter smooths out noise while edges are preserved well because the weights depends on two values. One is spatial distance between a noisy pixel and the center noisy pixel in the local filtering window, which is reflected by the first exponential term.
The other is intensity distance between a noisy pixel and the center noisy pixel in the local filtering window, which is reflected by the second exponential term.
In equation ( To combine the advantages of MHMCF and bilateral filter, we propose a novel adaptive temporal and spatial filter (ATSF) based on mean square error (MSE) estimation, which removes noise effectively and has a novel good visual quality.
Ⅲ. Proposed algorithm
The proposed algorithm, ATSF processes a noisy video frame by frame and block by block. Each noisy frame is divided into N×N blocks for MSE estimation and filtering. 
MSE is assigned as . Spatial filtering MSE estimation is performed after spatial filtering, estimated MSE is assigned as . If  is smaller than , MHMCF filtering is performed to the current noisy block. If not, the final de-noising result is the block de-noised by bilateral filter. A block diagram of proposed algorithm is illustrated in Fig.1 . Let ATSF using 1HMCF (MHMCF uses one reference frame) and bilateral filter be presented by ATSF1R and ATSF using 2HMCF (MHMCF uses two reference frames) and bilateral filter be presented by ATSF2R. The four main sections of the proposed algorithm ATSF are as following:
Temporal filtering MSE estimation
As discussed in section Ⅱ-1,
Mean square error between a de-noised block    and its original block   contains two parts as (11) . The first term is the variance part and the second term is the square of bias.
For MHMCF, the bias part of the MSE is as (12) .
From the above derivation we know that the bias part of the MSE between a block de-noised by MHMCF    and its original block   equals to zero. So the MSE between a block de-noised by MHMCF    and its original
And following derivation shows the approximation of it.
We assume that        (  ) and   are independent from each other. Combine (6), (7) and (14), then
As        (  ) and   are independent from each other,
Thus,
Let the estimated MSE between a block de-noised by MHMCF    and its original block   be presented by , then  can be calculated as following:
where    It is reasonable that when noise variance is fixed, the larger variance difference between a noisy block and its de-noised block is, the larger MSE between a de-noised block and its original block there will be. 0 and 300.)
Spatial filtering MSE estimation
To train a reliable parameter , we got a large amount of data sets to make a matrix , whose th row is the th observed   =    and its corresponding real MSE vector which is denoted by . Then we used the popular estimation method "residual sum of squares" to fix the linear regression model. The residual sum-of-square can be written as:
which is a quadratic function of the parameter .
To find stationary points, we put the first derivative or gradient of  to zero:
Assuming that  has full rank then   ·  is positive definite. The following solution can the be obtained :
Let the estimated MSE between a block de-noised by bilateral filter and its original block be presented by .
Then by using the proposed linear model,  can be calculated as following:
In our experimental study, the values of parameter vector   are determined by bilateral filter and change very little when block size changes.
Temporal filtering
MHMCF is chosen as the temporal filter of our proposed algorithm. When MHMCF uses more reference frames, a better de-noising result produces. The de-noising performance increment between 1HMCF and 2HMCF is large but the de-noising performance increment between 2HMCF and 3HMCF is very limited. Sometimes the de-noising performance of 3HMCF is even worse than that of 2HMCF.
And adding one reference frame will bring a large computation complexity increment due to motion estimation. So in this paper, ATSF1R which uses 1HMCF and bilateral filter and ATSF2R which uses 2HMCF and bilateral filter are introduced. 
Ⅳ. Simulation Results
In our experiments, we used 3 different video sequences:
"Football", "Foreman" and "Mobile". We added zero-mean For spatial filtering, 5×5 window size is used for bilateral filter and the wiener filter of JNT.
Average PSNR comparison
From Table 2 , it can be seen that ATSF1R and ATSF2R
could effectively suppress noise. PSNR of ATSF1R is up to 1.5dB better than that of 1HMCF. PSNR of ATSF2R is up to 0.86dB better than that of 2HMCF. And ATSF2R obtains highest PSNRs. Compared with ATSF1R and ATSF2R, JNT has considerably low average PSNRs at different noise variances. 3. Visual quality comparison There exists a hand suddenly in 153th frame and there is no a hand in previous frames. So for the hand there is low temporal correlation can be used for de-noising.
As a result, the de-noised hands of 1HMCF and 2HMCF are poor.
In Fig.3 , for 2HMCF and JNT, except the de-noised Edges and details are preserved very well by ATSF2R.
For ATSF1R, the de-noised image contains some blurring effects. For 1HMCF, besides the de-noised hand, the other parts of de-noised image contain some noise.
In 
Ⅴ. Conclusions
In this paper, a spatio-temporal filter ATSF is developed.
By adaptively filtering each noisy block based on MSE estimation, ATSF combines the advantages of MHMCF and bilateral filter. ATSF could remove noise effectively while no blocking effects are introduced in the de-noised results.
Moreover, edges and details are preserved well by ATSF.
The experimental results show that ATSF outperforms conventional de-noising algorithms in terms of visual quality and PSNR. And in our experimental study, ATSF2R
(ATSF using two reference frames) performs best.
